In axial-shear strain elastography, the local axial-shear strain resulting from the application of quasi-static axial compression to an inhomogeneous material is imaged. In this paper, we investigated the image quality of the axial-shear strain estimates in terms of the signal-to-noise ratio (SNR asse ) and contrastto-noise ratio (CNR asse ) using simulations and experiments. Specifically, we investigated the influence of the system parameters (beamwidth, transducer element pitch and bandwidth), signal processing parameters (correlation window length and axial window shift) and mechanical parameters (Young's modulus contrast, applied axial strain) on the SNR asse and CNR asse . The results of the study show that the CNR asse (SNR asse ) is maximum for axialshear strain values in the range of 0.005-0.03. For the inclusion/background modulus contrast range considered in this study (<10), the CNR asse (SNR asse ) is maximum for applied axial compressive strain values in the range of 0.005%-0.03%. This suggests that the RF data acquired during axial elastography can be used to obtain axial-shear strain elastograms, since this range is typically used in axial elastography as well. The CNR asse (SNR asse ) remains almost constant with an increase in the beamwidth while it increases as the pitch increases. As expected, the axial shift had only a weak influence on the CNR asse (SNR asse ) of the axial-shear strain estimates. We observed that the differential estimates of the axial-shear strain involve a trade-off between the CNR asse (SNR asse ) and the spatial resolution only with respect to pitch and not with respect to signal processing parameters. Simulation studies were performed to confirm such an observation. The results demonstrate a trade-off between CNR asse and the resolution with respect to pitch.
Introduction
Elastography is a technique that produces images of the strain experienced by tissue elements, due to a quasi-static axial compression (Ophir et al 1991) . When axial strain is imaged the technique is referred to as axial strain elastography (Ophir et al 1999) . Similarly, when the axial-shear strain is imaged, we define this technique as axial-shear strain elastography. Axial-shear strain is estimated as the gradient of the axial displacement in the lateral direction and is given below (Thitaikumar et al 2005) : 
where τ a is the axial displacement estimate and b is the shift in the lateral direction. The subscript 'i' refers to the lateral direction and denotes the A-line number, while the subscript 'j' refers to the axial direction and denotes the segment number along the depth axis of the RF A-line. Analogously, the gradient of lateral displacements in the axial direction is known as lateral-shear strain. Total shear strain by definition is the sum of the two components, axial-shear strain and lateral-shear strain, and is given below as (Timoshenko and Goodier 1970) ε x,y = ∂v ∂x
where (u, v) are the lateral and axial displacement components along the x-(lateral direction) and y-(axial direction) axes, respectively. When an elastically inhomogeneous material is subjected to a quasi-static axial compression, shear strains are generated at the interfaces between the inhomogeneities and the surrounding material (Timoshenko and Goodier 1970) . The magnitude and distribution of these shear strains depend on the following factors (Twiss and Moores 1992, Knight et al 2002) :
(1) bonding conditions at the interface between the component materials; (2) the orientation of the interface with respect to the axis of normal compression; (3) the elastic modulus contrast between the inhomogenity and the background; and (4) the amount of axial compression.
Therefore, the ability to image the shear strain may provide a method for obtaining information about the bonding at the interface. This information may prove to be clinically useful. One of the applications where this has potential is in differentiating between different types of tumours in the breast, where the bonding at the interface between tumour and the background is observed to be different for fibroadenomas versus carcinomas (Chen et al 1995 , Konofagou et al 2000 .
In order to better understand and utilize any image, the performance of the imaging system in terms of image quality must be quantified. The image quality of a system is usually described in terms of the signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), resolution and dynamic range (Wells 1977 , Rangayyan 2005 . The image quality of axial strain elastograms is well established in the literature. There have been extensive theoretical, simulation and experimental studies done to characterize the SNR e , CNR e and dynamic range of axial elastograms (Varghese and Ophir 1997a , Bilgen and Insana 1997 , Ophir et al 1999 . Recently, Righetti (2006) summarized the image quality aspects of lateral strain elastograms, Poisson's ratio elastograms and poroelastograms. All these studies have shown that the quality of the elastograms depends on a number of parameters that can be broadly classified into one of three categories: signal processing, mechanical and sonographic (Ophir et al 1999 , Srinivasan et al 2003 . Thus, for a given ultrasound system the attainable image quality may be estimated from these studies.
The image quality of shear strain elastograms is not yet well described in the literature. Recently, Thitaikumar et al (2005) investigated the noise performance of the shear strain estimator. They found that the lateral-shear strain estimates had significantly poorer SNR sse than axial shear estimates, and therefore caution must be exercised before using equation (2) to obtain the total shear strain. The practical impact of this limitation is yet not fully understood. However, in the case of circularly (or elliptically) symmetric inclusions, which is the likely shape of breast tumours (Stavros et al 1995) , it is expected from our preliminary work (unpublished) that the axial-shear strain alone may provide adequate quality information on the bonding at the interface. For this reason, in the current paper we investigate the SNR asse and CNR asse of only the axial-shear strain estimates, through simulations and experiments. In addition, we also investigate the trade-offs between CNR asse (SNR asse ) and resolution that may exist, using simulations.
Axial-shear strain is estimated from the axial displacement estimates (equation (1)). The axial strain is also estimated from the axial displacement estimates (Ophir et al 1991) . Therefore, it is of interest to determine if the range of axial compression and signal processing parameters that are optimal in terms of CNR e , SNR e for axial strain elastography are also optimal for axial-shear strain elastograms. This is important to know, especially within the range of axial compression used in traditional elastography, because it will determine if the RF data acquired for producing axial strain elastograms might also be used to produce simultaneous axial-shear strain elastograms. The results of the work reported in this paper are expected to address such issues.
It is important to realize that in axial/lateral elastography the inclusion experiences a different normal strain (axial/lateral) relative to the background, determined by their relative stiffness and the boundary conditions. Therefore, studies of CNR e have traditionally been done by contrasting the strain in the inclusion with the strain in a neighbouring background region Ophir 1998, Srinivasan et al 2003) . By contrast, under uniaxial compression, axial-shear strains are generated only near the inclusion/background interface and thus the inclusion itself is not the direct target (Thitaikumar et al 2005) . In the case of axial-shear strain elastography, a contrast exists between a region near the interface and a region away from the interface. Therefore, models which have been established to study the CNR e (SNR e ) of axial strain elastograms cannot be utilized directly to characterize the performance of axial-shear strain elastograms. For example, the SNR e of the axial strain elastography has been studied using uniformly elastic phantoms Ophir 1997a, Srinivasan et al 2003) . This was possible because of the feasibility of directly applying the desired axial strain in a controlled manner. This allowed the possibility to study the decorrelation noise only due to axial strain, by isolating it from other types of decorrelation like lateral strain and shear strain. On the other hand, axial-shear strains are absent in a homogenous material under uniaxial compression, thus limiting the possibility of applying the desired axial-shear strains directly in a controlled manner.
Therefore, the general approach taken in this work is different from that used to establish the CNR e (SNR e ) of axial strain estimates. In axial strain elastography, an upper bound on the CNR e (SNR e ) was obtained by considering the decorrelation noise due only to the axial strain deformation (Varghese and Ophir 1997a) . Later, the upper bounds on the CNR e (SNR e ) were derated to include the decorrelation noise due to lateral/elevation tissue motion (Kallel et al 1997) , and further derated for attenuation (Varghese and Ophir 1997b) . To summarize, the approach consisted of starting with a simplified model and later extending it to incorporate the effects of other parameters. As mentioned earlier, this was feasible because decorrelation noise due to axial strain deformation could be determined in isolation using simulation and theory. By contrast, in axial-shear strain elastography the region near the inclusion/background interface deforms not only due to axial-shear strain but also due to an unknown combination of lateral strain, axial strain and lateral-shear strain simultaneously. Therefore, it is difficult to isolate the decorrelation noise due to axial-shear strain alone. However, the CNR asse (SNR asse ) can still be studied, but in the presence of other deformations. Such a study is expected to yield conservative values on the CNR asse (SNR asse ) but can be improved if decorrelation noise due to other types of deformations is minimized. Nevertheless, with this approach the general dependence of the CNR asse (SNR asse ) of the axial-shear strain estimates on the mechanical, signal processing and sonographic parameters will still be elucidated. The values of the CNR asse (SNR asse ) may be increased as techniques to minimize decorrelation noise due to other types of deformation are developed.
Recently, Thitaikumar et al (2005) derived an expression for the lower bound on the noise of the shear strain estimator. For a given amount of decorrelation, the lower bound on the noise of the axial-shear strain estimates is given by the following equation:
where σ 2 τ a is the variance of the axial displacement estimate, b is the beamwidth in mm and b is the pitch in mm. In another study (Thitaikumar et al 2006) the resolution of axial-shear strain elastography was found to be proportional to b and b and to be weakly dependent on axial window shift. Increasing window lengths were found to reduce resolution. Therefore, we hypothesize that a trade-off may exist between CNR asse (SNR asse ) and the resolution in axial-shear strain elastography in terms of beamwidth and pitch (system parameters), but not involving signal processing parameters. This is different from the trade-offs established in axial strain elastography (Srinivasan et al 2003) , where such a trade-off does exist in terms of signal processing parameters. Therefore for a given ultrasound system, we may not be able to improve the CNR asse (SNR asse ) of axial-shear strain elastograms by exploiting the trade-offs, as done in axial strain elastography. Nevertheless, it is important to understand the existence of a trade-off between CNR asse (SNR asse ) and resolution.
Materials and methods

Simulations
The entire simulation tool consisted of three major steps as shown in the block diagram of figure 1. First, a software phantom was created in the finite element analysis (FEA) program ANSYS R (Ansys Inc., Canonsburg, PA). The phantom model was simulated for a two-dimensional (2D) plane-strain problem with a single circular inclusion embedded in a softer homogeneous background. The dimensions of the background were set at 40 mm by 40 mm while the diameter of the inclusion was 6 mm. The inclusion was completely bonded to the background and was three times stiffer than the background unless otherwise stated. The simulated phantoms were free to move on the sides (i.e., no lateral confinement) and had slip boundary conditions at the bottom (a node at the axis of lateral symmetry was fixed to the bottom of the phantom to avoid rigid body motion). The phantom was subjected to a compressive axial strain and the resulting axial and lateral displacements of each node in the simulated phantom were extracted from the output of the finite element software. For studying the effect of applied axial strain on the CNR asse (SNR asse ) of axial-shear strain estimates, the phantom was subjected to different compressive axial strain values, which ranged from 0.5% to 5% in steps of 0.5% and an additional compression strain value of 10%. To investigate the effect of the inclusion/background modulus contrast on the CNR asse (SNR asse ), five different modulus contrast levels were used (2, 3, 4, 5 and 10).
Second, the 2D transducer point spread function (PSF) was simulated using a shiftinvariant Gaussian-modulated cosine pulse in the axial direction and Gaussian beam profile in the lateral direction. The centre frequency was set at 5 MHz while the fractional bandwidth was kept fixed at 50% of the centre frequency and the beamwidth of the Gaussian beam profile in the lateral direction was set to 1 mm. To evaluate the effect of the beamwidth on the CNR asse (SNR asse ) of axial-shear strain estimates, we simulated US systems with different constant beamwidths (0.5 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm and 3 mm), while the pitch was adjusted so as to maintain a constant beam overlap of 70%. To evaluate the effect of pitch on the CNR asse (SNR asse ) of axial-shear strain estimates, we simulated US transducer arrays of length 40 mm with different numbers of A-lines (192, 128, 96 and 64) and the beamwidth was set equal to 1 mm. The simulations were performed assuming the speed of sound to be 1540 m s . The pre-compression RF signal was simulated by convolving the 2D PSF with the scattering function. A normal distribution of scatterer amplitudes was used to model the scattering function (Wagner et al 1983 , Meunier and Bertrand 1995a , 1995b . The displacement profile calculated from the FEA software was used to define the post-compression position of the ultrasonic scatterers. The post-compression RF signal was simulated by convolving the displaced point scatterers with the original PSF (Céspedes 1993) . The sonographic signal-to-noise ratio (SNR s ) was set at 40 dB by adding an appropriate amount of uncorrelated random noise. The RF sampling frequency was set to ten times the centre frequency. All the simulations were done using MATLAB R (Mathworks, Ma). Finally, the simulated pre-compression and temporally stretched post-compression RF signals were segmented and used in an adaptive strain estimation algorithm with lateral correction to estimate the axial displacement (Srinivasan et al 2002a) . The local axial-shear strains were estimated as the derivative of the axial displacements in the lateral direction, as defined in equation (1). A cross-correlation window length of 1 mm and a shift of 20% the window length were used unless otherwise stated. To evaluate the effect of window length on the CNR asse (SNR asse ) of axial-shear strain estimates, we processed the RF signals using different window lengths (1.6λ, 3λ, 5λ, 7λ, 8λ and 10λ), while keeping the axial shift fixed at 20% of the window length. To evaluate the effect of axial shift, we processed the RF signals using different shifts, as a percentage of window length (20%, 40%, 60%, 80% and 90%).
When the inhomogeneous phantom is subjected to axial compression, a region near the inclusion/background interface undergoes axial-shear strain. Figure 2 shows a comparison of an axial strain elastogram and an axial-shear strain elastogram for a single inclusion model as predicted by FEA. As can be observed from figure 2, no contrast in axial-shear strain values exist along the normal direction. Therefore, the axial-shear strain profile taken along a representative orientation of 45
• with respect to the axis of compression was considered throughout. SNR asse values were computed as the mean-to-standard deviation ratio of the axial-shear strain estimates as given below:
whereŝ asse is the estimated mean of the axial-shear strain estimates andσ asse is the estimated standard deviation among the strain estimates. The CNR was computed as
whereŝ denotes the mean andσ denotes the standard deviation. The subscripts 't' and 'b' stand for the target and the background, respectively. These definitions are similar to those for axial strain elastography (Céspedes et al 1995, Varghese and . However, the definitions of the target, background and the computation of the mean and standard deviation are different, as is explained below. The target is defined as the peak in the axial-shear strain profile taken along the 45
• orientation with respect to the axis of compression. The background can be a region which is far from the interface where the axial-shear strain is expected to be different from the peak value. We chose the centre of the inclusion for the background because the centre is expected to have zero axial-shear strain and thus will yield maximum contrast. An example of the axial-shear strain profile from a simulated elastogram is shown in figure 3 . Since the axial-shear strain values change spatially, the mean and standard deviation of the estimates are obtained from the same location but over a number of independent realizations, as illustrated in figure 3(b) . Note that the mean axial-shear strain value at the centre of the inclusion is not zero as expected, but is slightly over estimated. This could be due to the bias error in the axial-shear strain estimation process, as noted in Thitaikumar et al (2006) . A total of 180 independent realizations of the axial-shear elastograms were simulated. The mean and the standard deviation of the peak axial-shear strain value in the axial-shear strain profile were computed from ten elastograms. Therefore, error bars in CNR asse (SNR asse ) plots throughout this paper represent 18 independent realizations. The peak location was chosen because this location has the maximum contrast in the elastogram with respect to background. Note that we do not use any averaging, and the CNR asse (SNR asse ) values correspond only to one realization of the estimator. For example, from the axial-shear strain profile shown in figure 3(b) , the SNR asse is computed using the mean and standard deviation in the 11th pixel index (using equation (4)) and the value of CNR asse is computed using the mean and standard deviation of pixel indices 11 and 25 (using equation (5)).
To investigate the trade-offs, the results from the resolution study by Thitaikumar et al (2006) are utilized along with the results of the CNR asse (SNR asse ) study described in this manuscript. In that work, resolution was defined as the smallest size of the inclusion for which the strain value at the inclusion/background interface was greater than the average of the axial-shear strain value at the interface and inside the inclusion. The resolution was measured from the axial-shear strain profile oriented at 45
• to the axis of beam propagation, due to the absence of axial-shear strain along the normal directions. Note that the intent of reproducing some of the previously published results on resolution in this manuscript is to facilitate the understanding of the resolution results in the context of trade-offs involved and for the sake of completeness.
Experiments
Experiments were performed on a tissue-mimicking gelatin-based phantom. The phantom consisted of a homogeneous block with a cylindrical inclusion running through the centre. The phantom dimensions were 90 mm × 90 mm × 90 mm while the diameter of the inclusion was 20 mm. The inclusion was fully bonded to the background. The phantom was courtesy of Dr E L Madsen (University of Wisconsin). A Sonix 500-RP (Ultrasonix Medical Corp., Burnaby, Canada) US scanner, with a 128-element array, 6.6 MHz centre frequency was used for data acquisition. The sampling rate was 40 MHz. The transducer was attached to a compressor plate, which was in turn attached to a precision computer-driven motion controller (Chandrasekhar et al 2006) . The phantoms were compressed from the top in small steps, each corresponding to 0.5% axial strain, to a total of 5%. The experiment was done at six different scan planes separated by 1 mm in the elevation direction. Fifteen realizations of the experiment were done at each scan plane totalling 90 realizations. Axial-shear strain elastograms were obtained from the experimental data using the same algorithms used to produce the simulation elastograms. Mean and standard deviation of the axial-shear strain estimates were obtained over ten realizations. Thus, the error bars on the CNR asse (SNR asse ) plots were taken from nine values. 
Results
Simulations
Effect of mechanical parameters. Figure 4 shows the effect of applied axial compressive strain on the CNR asse (SNR asse ). It can be seen that the behaviour of the CNR asse (SNR asse ) with applied axial compression is similar to that of the strain filter in axial elastography (Varghese and Ophir 1997a , Srinivasan et al 2003 . Initially, for a small axial compression the CNR asse (SNR asse ) is low. As the applied axial compression increases, the corresponding axial-shear strain also increases, leading to an increase in the CNR asse (SNR asse ). However, with further increase, the noise due to decorrelation overtakes these gains and the CNR asse (SNR asse ) starts to fall. Therefore, we observe that at a given inclusion/background modulus contrast the range of applied axial compression that yields maximum CNR asse (SNR asse ) is ∼0.5%-3%. We also observe that the peak axial-shear strain generated increases linearly with axial compressive strain ( figure 4(b) ). function of the estimated peak axial-shear strain. This figure shows that the axial-shear strain that elicits a higher CNR asse (SNR asse ) is in the range of approximately 0.005-0.03. Figure 5 (a) shows the variation of the CNR asse (SNR asse ) as the inclusion/background modulus contrast is changed. It can be seen from the plot that as the modulus contrast trends upward the CNR asse increases, but with large error bars. The CNR asse increases because the peak axial-shear strain increases with increase in modulus contrast. This can be seen in figure 5(b) . Figure 6(a) shows the plot of CNR asse (SNR asse ) as a function of beamwidth. It is interesting to note that as the beamwidth increases, there is an initial increase in the value of CNR asse (SNR asse ), but with further increase in the beamwidth the noise decreases, and so does the peak axial-shear strain (see figure 6(b) ). Therefore, the CNR asse (SNR asse ) remains almost constant. It should be noted that the decrease in the noise of the axial-shear strain estimator with increasing beamwidth is not surprising in view of equation (3).
Effect of ultrasound system parameters.
Figure 7(a) shows plots of the CNR asse (SNR asse ) as the pitch is varied. It can be seen from the figure that as the pitch increases, the CNR asse (SNR asse ) also increases. Figure 7(b) shows that the peak axial-shear strain does not decrease with increasing pitch. We observe from equation (3) that the noise in the axial-shear strain estimate is inversely proportional to the pitch. Therefore, an increasing trend of CNR asse (SNR asse ) with pitch is expected.
Effect of signal processing parameters. The effect of the correlation window length on the CNR asse (SNR asse ) of the axial-shear strain estimates is shown in figure 8(a) . The results suggest that there is no significant improvement in the CNR asse with increasing window length. However, the SNR asse improves with increasing window lengths. The difference between the SNR values at 10λ and 1.6λ was found to be significant (ANOVA p < 0.01). Shown in figure 8(b) is the change in peak axial-shear strain value with a change window length. The mean value of the peak axial-shear strain at window lengths of 1.6λ and 10λ does not show (a) (b) Figure 6 . Plots of the (a) SNR asse , CNR asse and (b) estimated peak axial-shear strain as a function of beamwidth. The pitch was changed to maintain a constant beam overlap of 70%. Observe that as the beamwidth increases the estimated peak axial-shear strain value decreases, while the CNR asse (SNR asse ) remain essentially constant.
(a) (b) Figure 7 . Plots of the (a) SNR asse , CNR asse and (b) estimated peak axial-shear strain as a function of pitch. Observe that the estimated SNR asse and CNR asse increase with increase in pitch while the peak axial-shear strain value does not decrease with pitch.
significant differences (ANOVA p > 0.01), but the error bar reduces as the window length increases resulting in SNR asse improvements. The axial window shift is not expected to have much influence on the CNR asse (SNR asse ) of the axial-shear strain estimates. This is because the axial-shear strain estimator (equation (1)) does not involve the axial shift. The plot shown in figure 9(b) shows such behaviour of the peak axial-shear strain estimates. The plots in figure 9(a) show the dependence of the CNR asse (SNR asse ) on axial window shift. It can be observed that the effect of axial shift is weak, although smaller axial shift values yield slightly higher CNR asse values.
Trade-offs between CNR asse (SNR asse ) and resolution. Figures 10(a)-(d) show the effect of beamwidth, pitch, window length and axial shift on the resolution of axial-shear strain (a) (b) Figure 8 . Plots of the (a) SNR asse , CNR asse and (b) estimated peak axial-shear strain as a function of window length. Note that the SNR asse improves with increase in window length while CNR asse does not change.
(a) (b) Figure 9 . Plots of the (a) SNR asse , CNR asse and (b) estimated peak axial-shear strain as a function of window shift. Observe that as the shift increases the estimated peak axial-shear strain value remains stable. Since the strain estimator is not dependent on shift, the SNR asse or the CNR asse are not expected to be influenced by the shift. However, observe that the values of CNR asse (SNR asse ) are slightly higher at smaller shifts.
elastography, respectively, as reported in previous work by Thitaikumar et al (2006) . It is seen from these plots that the resolution deteriorates with increase in beamwidth, pitch and window length, while axial shift has only a weak influence. However, figure 7 shows that the CNR asse (SNR asse ) improves with increase in pitch. Clearly, this demonstrates the existence of the trade-off. Smaller pitch improves resolution but compromises CNR asse (SNR asse ) and vice versa, while no such trade-off is observed with window length or axial shift (see figures 8-10(c) and (d)).
Experiments. Figure 11 shows a plot of CNR asse (SNR asse ) as a function of applied axial strain. The CNR asse (SNR asse ) curves behave similarly to what was shown in simulations. For small applied axial strain, the CNR asse (SNR asse ) is low and as the axial strain is increased, the CNR asse (SNR asse ) increases but then falls off at even higher strain values. Finally, the effect of signal processing parameters of window length and axial shift on CNR asse (SNR asse ) is shown in figures 12(a) and (b), respectively. As with the simulation study, we do not observe any influence of axial shift or window length.
Discussion
In this paper, we have reported a study on the CNR asse (SNR asse ) of axial-shear strain estimates using simulations and experiments. Trade-offs between CNR asse (SNR asse ) and the resolution were also investigated using simulations. The results showed that the range of axial compressive strain that results in higher CNR asse (SNR asse ) in axial-shear strain elastography is ∼0.5%-3%. This is also the range typically used to acquire RF data for obtaining axial strain elastograms (Srinivasan et al 2003) . It must be noted that it is not axial-shear strain, but axial compressive strain that is applied. Therefore, decorrelation is not only due to axial-shear strain but also due to co-existing axial strain, lateral strain and lateral-shear strains. It is Figure 11 . Plots of the SNR and CNR as a function of applied axial strain obtained from experiment. A window length of 2 mm with 80% overlap was used to obtain the axial-shear strain elastograms. Observe the band-pass filter-like curve for CNR in the strain domain, corroborating the simulation results.
(a) (b) Figure 12 . Plots of the SNR, CNR as a function of (a) window length and (b) window shift. An axial compression strain of 2% was applied. Observe that window shift has a weak influence on the CNR and SNR. However, the SNR showed a significant improvement with window length as observed in simulation.
intuitive to expect that decorrelation noise increases with additional deformations. However, the range of axial strain values which is optimal for the axial-shear strain estimates in terms of CNR asse (SNR asse ) in the presence of additional deformations such as lateral-shear strain is not known. In this context, the findings in this paper are important because they suggest that it may be possible to acquire data at compression levels that may be optimal for both kinds of elastograms. The contrast mechanism in axial-shear strain elastography is different from that of axial strain elastography. In axial elastography the fundamental contrast is limited by the inherent inclusion/background modulus contrast, if the effect due to boundary conditions can be neglected. The contrast in axial-shear strain elastography is influenced not only by the modulus contrast but also by the applied axial strain. This can be observed from figures 4(b) and 5(a). As the peak axial-shear strain value increases, the contrast also increases because it is contrasted with zero shear strain inside the inclusion. However, the CNR asse drops beyond a certain maximum contrast. We can expect to increase the CNR asse (SNR asse ) values above what is obtained in this study by reducing the noise in the estimation processes of at least two estimates, the axial displacement and the axial-shear strain. First, the noise in the axial displacement estimates can be reduced by correcting for the non-normal motion of the scatterer due to shear strain (both axial-shear and lateral-shear). This idea is in principle similar to the idea of correcting for lateral motion of the scatterers to reduce noise in the axial displacement estimates (Konofagou and Ophir 1998) . Second, the noise in the axial-shear strain estimation can be reduced by using an estimator that is different from the differential estimator. One alternative is to extend the staggered strain estimation proposed by Srinivasan et al (2002b) . This method has been shown to improve CNR e (SNR e ) in axial strain estimates without compromising the resolution. Even though performance comparison of different estimators is not the subject of this manuscript, as an example, experimental axial-shear strain elastograms are shown in figure 13 to illustrate the improvement in the image quality, in terms of the CNR asse, by using staggered axial-shear strain estimation over a differential estimator. In this example the CNR asse values were 5.7 and 36.3 for the differential and the staggered estimators, respectively. However, the compromise in the resolution with improvement in CNR asse (SNR asse ), if any, needs to be investigated. Among the ultrasound system parameters, results showed that the CNR asse (SNR asse ) does not improve with larger beamwidth even though the noise in the axial-shear strain estimates reduces inversely with beamwidth (equation (3)). This is because the peak axial-shear strain value also decreases with increase in beamwidth due to resolution effects of the beamwidth. Note that the resolution decreases with increase in beamwidth. However, the pitch does not influence the estimation of the peak value, as can be observed from figure 7(b). Therefore, CNR asse (SNR asse ) improves with increase in pitch. In the signal processing parameters group, the window shift showed a weak influence on the CNR asse (SNR asse ). This is reasonable because window shift does not enter the axial-shear strain estimator computation. However, window length does influence the noise in the displacement estimation process and hence the improvement of SNR asse with window length (see figure 8(b) ).
It should be noted that the study reported in this paper modelled the inclusion/background interface as completely bonded. As stated earlier, the magnitude (and thus the contrast) and distribution of the axial-shear strain around the inclusion/background interface depends also on the degree of bonding at the interface. As a result, the effect of bonding may be an important one; however, it is not well understood at this time, and will be a subject of a subsequent publication.
Conclusions
We have shown that the range of axial compressive strain that is optimal for axial strain elastography, in terms of CNR asse (SNR asse ), is also optimal for axial-shear strain elastography. The CNR asse (SNR asse ) value was shown to improve with increasing pitch and does not fall with increasing beamwidth. The window length was shown to influence the SNR asse but not the CNR asse . In addition, the axial shift was shown to have a weak influence on the CNR asse (SNR asse ). The existence of a trade-off between CNR asse (SNR asse ) and the resolution in terms of pitch was also demonstrated.
